Fully elucidating the precipitation-runoff relationship (PRR) is of great significance for better water resources planning and management and understanding hydrological cycle processes. However, the correlations of the PRR between LFCs are not significant for many of the timefrequency domains. Additionally, the phase relations are disordered in these time-frequency domains, and no certain trend in phase angle variations can be identified. Through comparative analysis of the anthropogenic activities and climatic events with PRR variations, it can be concluded that the hybrid method can efficiently capture the PRR in various time-frequency domains.
INTRODUCTION
The precipitation-runoff relationship (PRR) is an important model in engineering hydrology, and has great significance Considerable research has inferred that the periodical changes of both have close relationships with changes in precipitation/ runoff (Ouarda et al. ) . Generally, the sunspot activity exhibits an 11-year period. Therefore, natural runoff and precipitation usually exhibit an 11-year feature of fluctuation. Hence, extracting the modes of oscillation with various periodic characteristics from the original precipitation and runoff is essential and meaningful for fully revealing the multi-scale relationship between precipitation and runoff.
To date, the ensemble empirical mode decomposition (EEMD) method has been widely applied to extract various periodic oscillatory patterns through the sifting process (Wu & Huang ) . The method was proposed to overcome the mode-mix problem of the traditional empirical mode decomposition (EMD) method. It is popular due to its adaptive property and ability to analyse the local properties of the signal. Note that the EEMD can efficiently extract a limited number of physically meaningful components changing from high-frequency to lowfrequency from both non-linear and non-stationary data, such as precipitation and runoff. Thus, the multi-scale variations of original signals can be fully exhibited by the various frequency components. Hence, studying the relationship between two specific frequency components is the following core issue that should be urgently addressed. As far as we know, however, pre- ). The application of a different wavelet basis will obtain different decomposition results. In particular, the aliasing in the frequency domains usually produces errors in terms of the components. However, the EEMD is a self-adaptive process of decomposition and averts the issue mentioned above.
Hence, in order to provide a new perspective to study the relationship between the two signals, the hybrid approach combining the EEMD and XWT and WTC is proposed to reveal the relationship between the specific frequency components.
The Weihe River basin, the largest tributary of the Yellow River and one of the most important industrial and agricultural production zones in China, was selected as the study area. The primary aims of this study are: (1) to explore the variations of monthly precipitation and runoff; (2) to reconstruct the intrinsic mode functions (IMFs) of the high-(HFC) and low-frequency components (LFC); and (3) to capture the characteristics of the PRR at high-and lowfrequency, respectively.
STUDY AREA
The Weihe River (104-110 W E longitude, 33-37
is the largest tributary of the Yellow River, with a total length of 818 km and a drainage area of 134,800 km 2 , and lies in the semi-humid and semi-arid transitional zone During the past 50 years, runoff in the Weihe River has decreased dramatically. Especially in the late 1990s, the average runoff was merely 3.60 billion m³, i.e., a reduction of 6.20
billion m³ compared with that in the 1950s (Chang et al. ) .
DATASET AND METHODOLOGY Dataset
Monthly runoff series suffers, which inhibits its ability to reveal the variation characteristics of the time series. To eliminate this drawback, the EEMD is proposed by adding white noiseassisted data (Wu & Huang ) . The EEMD method is highly effective in analysing the time series as compared to EMD and has been used by many researchers (Cao et al. Wang et al. a, b) . The specific decomposition steps of the EEMD method can be described as follows.
Step 1: Set the number of ensemble M, the amplitude of the added white noise k, and the interactions m ¼ 1.
Step 2: Implement the mth trial on the signal with the added white noise:
(a) Add the mth random Gauss white noise series (n m (t))
to the investigated signal (x(t)), and obtain a new mth noise-added series (x m (t)) (Equation (1)): ) and a trend (Residue, r n ) (Equation (2)):
and return to
Step (a), and if not, proceed to Step (3).
Step 3: Average the c i of the M trials corresponding to each IMF in the decompositions (Equation (3)):
Step 4: Export c i and r n as the final ith IMF and Residue.
It is worth noting that in this study, the amplitude of the added white noise and the ensemble number are set to 0.2 and 200, respectively (refer to Wu & Huang ).
Mutual information
The mutual information (MI), originating from the probability and information theory, is generally used to measure the dependency between two random variables (Massmann & Holzmann ) . The greater relevance there is between the two random variables, the greater the MI, and vice versa. In this study, the MI is applied to measure the dependency between the raw data (i.e., monthly precipitation and runoff) and 
where
Þ is the conditional entropy of event Y under given event X, H X ð Þ and H Y ð Þ are the marginal entropies, respectively, and H X, Y ð Þ is the joint entropy. In our study, X and Y are the raw data (i.e., monthly precipitation and runoff) and IMFi, respectively. These entropies are defined as:
where p X x ð Þ and p Y y ð Þ are the marginal probability distribution functions of X and Y, respectively, and p X,Y x, y ð Þ is the joint probability distribution function of X and Y. Therefore, I X, Y ð Þ can be expressed as:
XWT and WTC XWT can preferably reveal areas with a high common power in time-frequency space (Torrence & Compo ).
As for the covariance of two time series (X t and Y t ), XWT can be expressed as: 
where Z v p ð Þ is the confidence level associated with the probability p for a probability density function defined by the square root of the product of two chi-square distri- 
where S is a smooth operator. The Monte Carlo simulation is used to determine the 95% confidence level of the WTC (Grinsted et al. ) .
Hybrid approach combining EEMD and cross wavelet analysis
The hybrid method in this paper is proposed by addressing EEMD and cross wavelet analysis together, thereby fully capturing the evolution characteristics of the relationship between monthly precipitation and runoff under different frequencies. Additionally, it can be extended to reveal the evolution characteristics of the relationship between other time series, such as the hydrological factors, meteorological factors, etc. The process of the method (Figure 2 ) can be briefly described as follows:
(1) Apply the EEMD to the monthly runoff and precipitation, and obtain several IMFs and a trend (Residue).
(2) Calculate the MI entropy between the raw data and IMFi to find the turning point k of MIi (i ¼ 1, Á Á Á , k, Á Á Á n).
(3) Reconstruct the IMFs to the HFC ( P k i¼1 IMF i ) and LFC ( P n i¼kþ1 IMF i ) of the raw data by the turning point k of MI. Obviously, IMF 1 is the highest frequency and most nonlinear and unsystematic part of the raw data, which mainly contain a large quantity of noisy signals (Guo et al. ) . Hence, IMF 1 is not taken into account in this paper. Part of the Residue is mainly adopted to reveal the trend of monthly precipitation and runoff.
(4) Apply XWT and WTC to the HFC and LFC of the monthly precipitation and runoff, respectively. Figure 7 displays the changes in MI entropy between the raw data (i.e., monthly precipitation and runoff) and IMFs in the two basins. As shown in Figure 7 , it can be obviously observed that when IMF is IMF 1 , IMF 2 and IMF 3 , the MIs are all greater than the others in the two basins. Whether the raw data are monthly precipitation or runoff, the MI presents the same change from IMF 1 to IMF 8 . Hence, according to the change in MI, the IMFs are sorted into two parts, i.e., 
RESULTS

Variations of precipitation and runoff
IMF reconstruction
Interaction of runoff and precipitation in HFC and LFC
Interaction of runoff and precipitation in the HFC
XWT and WTC were employed to reveal the variation of the relationship between HFC of monthly runoff and precipitation in both the MWRB and BRB. The results are presented in cipitation is closely associated with runoff in the 10-to 14-month band over the whole time period. Note that the 10-to 14-month periodicity can be considered as one year (i.e., 12 months). Therefore, it can be concluded that the strong one-year synchronicity of the precipitation and runoff is the principal reason for the high coherence peaking on the 10-to 14-month scale.
Interaction of runoff and precipitation in the LFC Figure 11 shows the variation of the cross wavelet (the left graph of Figure 11 ) and wavelet coherence (the right graph of Figure 11 ) spectra between the LFC of monthly runoff and precipitation in both the MWRB and BRB.
The upper left graph of Figure ). Following is a discussion about the association between the PRR variations and these influencing factors.
Response to anthropogenic activities
With regard to anthropogenic activities, first, the changes due to water projects are analysed. Figure , 1950s-1963 (preparation), 1964-1978 (erosion control in key areas), 1979-1989 (comprehensive Overall, it can be concluded from the above sections that the variation of the PRR has a close association with anthropogenic activities and climate change. As the major objective of this study is to reveal the multi-scale periodic characteristics of the PRR using the new proposed method combining the EEMD with the XWT and WTC, the quantitative contribution from specific anthropogenic activities and weather events to the PRR variations in various time-frequency domains is expected to do in future study.
CONCLUSIONS
In this study, a new hybrid method, combining the EEMD with XWT and WTC, was proposed for studying the detailed multi-scale periodic characteristics of the PRR in the MWRB and BRB. The EEMD can fully and efficiently extract a limited number of physically meaningful components changing from high-to low-frequency. Meanwhile, the XWT and WTC are adept at capturing coupled oscillations of two time series, both in the time and frequency domains. The hybrid method combines the advantages of the methods mentioned above.
In the two basins, the runoff reductions are both more significant than precipitation changes during the entire time period (Figures 3 and 4) . With the application of the EEMD method, the observed monthly runoff and precipitation were all decomposed into eight independent IMFs and one residue (Figures 5 and 6 ) in the MWRB and BRB, respectively. Employing the MI entropy method, we reconstructed the IMFs of runoff and precipitation into two parts, i.e., the HFC and LFC (Figures 8 and 9 ).
Adopting the XWT and WTC spectra, the relationships between the HFCs of precipitation and runoff are remarkably significant on the 10-to 14-month band cycle (i.e., 
